ABSTRACT: Heat effects for the addition of Co in bulk and nanosized forms into the liquid Sn-3.8Ag-0.7Cu alloy were studied using drop calorimetry at four temperatures between 673 and 1173 K. Significant differences in the heat effects between nano and bulk Co additions were observed. The considerably more exothermic values of the measured enthalpy for nano Co additions are connected with the loss of the surface enthalpy of the nanoparticles due to the elimination of the surface of the nanoparticles upon their dissolution in the liquid alloy. This effect is shown to be independent of the calorimeter temperature (it depends only on the dropping temperature through the temperature dependence of the surface energy of the nanoparticles). Integral and partial enthalpies of mixing for Co in the liquid SAC-alloy were evaluated from the experimental data.
INTRODUCTION
Unique physical−chemical properties and microstructure features make Sn−Ag−Cu (SAC) alloys the worldwide most used lead-free solders. In particular, the Sn-based Sn-3.8Ag-0.7Cu (wt %) alloy (SAC387), which corresponds to Sn-4.1Ag-1.3Cu (at. %), is employed extensively in the modern electronics industry. 1−3 However, two main problems caused by using such type of lead-free solder are still not solved (i.e., the much higher melting temperature compared to traditional lead-containing solders and the extensive growth of brittle intermetallic layers). During the past decade, many attempts were made to decrease the melting temperature of lead-free SAC solders and improve the mechanical reliability of the corresponding solder joints. 4, 5 One of the most popular ways to achieve such improvements is the addition of a fourth element. 6−9 According to investigations of the mechanical and thermodynamic properties and the microstructure, minor doping of active nanoparticles should be a promising solution of the above-mentioned problems. 10−12 Different heat effects are expected for the addition of Co in bulk and nanosized form into the liquid SAC387 alloy, and this difference is caused by the surface enthalpy of the nanoparticles. A number of studies have been dedicated to the investigations of the heat effects caused by the surface enthalpy of nanoparticles. 13−18 However, most of these describe the heat effects for ceramic nanoparticles and/or are theoretical estimates.
14, 16−18 The purpose of the present work is to provide experimental heat effect data for the addition of Co in bulk and nanosized form into the liquid SAC387 alloy using drop calorimetry. The integral and partial enthalpies of mixing for the quaternary Ag−Co−Cu-Sn system in the Sn-rich corner are estimated. At the same time, calculations are performed to predict the expected differences in the data obtained for bulk and nanosized Co caused by the surface enthalpy of Co nanoparticles.
EXPERIMENTAL DETAILS
The calorimetric measurements were carried out using a Calvet-type twin microcalorimeter system, based on a commercial wire wound resistance furnace (HTC-1000, SETARAM, Lyon, France) having two thermopiles with more than 200 thermocouples, equipped with an self-made automatic drop device for up to 30 drops; control and data evaluation were performed with Lab View and HiQ. This system was described in detail by Flandorfer et al. 19 The measurements were performed in BN crucibles under Ar flow (99.999 vol %, purification from oxygen, approximately 30 mL/min). At the end of each series, the calorimeter was calibrated by five drops of standard α-Al 2 O 3 provided by NIST (National Institute of Standards and Technology, Gaithersburg, MD). The time interval between individual drops was usually 40 min, and the acquisition interval of the heat flow was 0.5 s. The obtained signals were recorded and integrated. The measured enthalpy (integrated heat flow at constant pressure) is
where n i is the number of moles of the added element i, H m denotes molar enthalpies, T D is the drop temperature, ΔH Signal * is the measured enthalpy in J·mol
, and T M is the calorimeter temperature of the respective measurement in Kelvin. The molar enthalpy difference (H m,i,T m − H m,i,T D ) was calculated using the SGTE data for pure elements. 20 Because of the rather small masses of added component i, partial enthalpies can be calculated directly as
The integral molar enthalpy of mixing, Δ mix H, was calculated by summing the respective reaction enthalpies and division by the total molar amount of substance, where n j stands for the molar amount of substance which was already present in the crucible:
Pure metals of high purity (99.99%, Alfa Aesar, Karlsruhe, Germany) were used without further purification as well as commercial nanosized Co (99.9%, average particle size 28 nm, IoLiTec Nanomaterials, Heilbronn, Germany). According to the technical data sheet, 21 the BET surface area of the nanosized Co particles was about A BET = (50 ± 10)·10 3 m 2 ·kg −1 . The SAC387 alloys were prepared from pure components sealed in quartz ampules and kept in the furnace at 1173 K for 2 weeks. All operations with nano Co were performed in a glovebox (M.Braun, LabMaster 130) in an atmosphere of purified Ar (O 2 and H 2 O < 5 ppm each). The calorimetric measurements were carried out by the addition of solid Co in bulk and nanosized form into liquid SAC387 alloys at four different temperatures from 673 to 1173 K. In the second case, Co nanoparticles were first packed into a SAC387 foil with a thickness of about 50 μm which had been formed using a foil rolling mill. The measurements with additions of packed nano Co were started by dropping five pieces of SAC387 foil in order to determine and, subsequently, subtract the heat effect of the Random as well as systematic errors of drop calorimetry depend on the calorimeter construction, calibration procedure, signal integration, and "chemical errors", for example, incomplete reaction or impurities. Considering many calibration measurements done by dropping NIST standard sapphire, the standard deviation can be estimated to be less than ±1%. The systematic errors are mainly caused by parasitic heat flows, baseline problems at signal integration, and dropping and mixing problems. One can estimate that the random error of the measured enthalpy is ±150 J.
Selected furnace-cooled alloys after calorimetric runs were investigated by scanning electron microscopy (SEM) and X-ray diffraction (XRD) to check for complete dissolution of the dropped component. The powder XRD measurements were done on a Bruker D8 diffractometer at ambient temperature using Ni-filtered Cu Kα radiation (accelerating voltage 40 kV, electron current 40 mA). The diffractometer operates in the θ/2θ mode. The powder was fixed with petroleum jelly on a single crystal silicon sample carrier which was rotated during the measurement. The detection unit was a Lynxeye strip The electron microscope Zeiss Supra 55 VP was used for metallographic investigations. The excitation energy of the electron beam was 15−20 kV; backscattered electrons were detected in order to visualize the surfaces of the samples. The chemical analyses of the sample phases were performed using the energy dispersive X-ray (EDX) technique with the two characteristic spectral lines of Cu (K-line) and Sn (L-line).
Standard deviations for the chemical compositions obtained from EDX were about ±1 at%.
RESULTS AND DISCUSSION
The molar enthalpy data for the additions of bulk Co into the liquid SAC387 alloy are presented in Tables 1A−1G . Since the Co additions in this paper are presented in at. %, the composition of the SAC387 master alloy is also given in at. % (Sn-4.1Ag-1.3Cu) below. A kink in the concentration dependencies of the integral enthalpies of mixing as well as constant partial enthalpy values indicate the transition of the investigated The Journal of Physical Chemistry C Article quaternary system from the liquid to the semisolid state; that is, it indicates the beginning of the precipitation of a solid phase (Figure 1) . Thus, the constant values of the partial enthalpy of mixing beyond 4 at. % Co in Figure 1 mark the liquidus boundary at 873 K. Based on the Co concentration dependence of the partial enthalpy of mixing, the respective liquidus limits were estimated at different temperatures. All values with the bold font in Tables 1A−1G refer to compositions outside the single-phase liquid state. It should also be noted that the obtained molar enthalpy data for quaternary Ag−Co−Cu−Sn alloys are practically identical to our recent data for the binary Co−Sn system. 23 The difference between the partial enthalpies of mixing for the addition of bulk Co to liquid Sn and to the liquid Sn-4.1Ag-1.3Cu alloy does not exceed 1 kJ·mol −1 (cf. Figure 1) . This is not surprising because of the high content of Sn in the SAC alloy.
It should be noted that in our measurements at 873 K, we observed an additional exothermic reaction immediately after the main endothermic reaction, whereas such effects were not observed at other temperatures. The total reaction time did not exceed 1500 s.
The resulting heat effects obtained for the addition of nanosized Co into the liquid Sn-4.1Ag-1.3Cu alloy show a marked difference compared to the values for bulk Co additions (Table 2A−2E) . This difference is concentration independent at the investigated temperatures and is equal to (−7.5 ± 1.0) × 10 3 J·mol −1 (cf. Figure 2a −c). It should be also noted that the average error of estimated data for ΔH Signal * and Δ mix H̅ Co does not exceed 1000 J·mol −1 . The measured enthalpy (ΔH Signal ) consists generally of two terms (see eq 1); however, we think that the additional heat effect resulting in less positive values of ΔH Signal relates only to the first term of eq 1. The enthalpy of reaction (Δ r H) corresponds to the heat effects for interactions between atoms of the added component, i.e. liquid Co (remember that the standard state in Tables 1A−1G and Table 2A−2E is metastable liquid Co), and the liquid Sn-4.1Ag-1.3Cu alloy.
Therefore, this term should be the same independently whether Co is added in bulk or in nanoform. We suggest that this difference is caused by the excess enthalpy of the Co 
where ΔH i,nano ex is the excess surface enthalpy of Co nanoparticles in J·mol −1 , which has a positive value. This additional term should be connected with the decrease in the melting temperature and latent heat of nanosized Co particles similarly to other metals in nanosized form. 15, 18, 24 It is provided here with a negative sign (similar to H m,i,T D ), as the surface of the nanoparticles exists in these experiments only in the initial state.
It should be also noted that Table 2A−2E shows the recalculated molar enthalpies values including the excess enthalpy of Co nanoparticles term.
The partial and integral enthalpies of mixing, after taking into account the surface effect, are in good agreement. This is shown in Figure 3 where, as an example, the partial (Figure 3a) and integral enthalpies of mixing (Figure 3b ) for additions of Co in bulk and nanosized form at 1073 K are plotted as a function of the Co content.
Crossing the liquidus line into a two-phase field is usually indicated by a kink in the integral enthalpy of mixing and by constant values in the partial mixing enthalpy. The relatively small difference in the heat effects for minor additions of Co 
T = 1073 K; first measurement; starting amount: n Ag = 1.8127 × 10 −3 mol; n Cu = 0.5668 × 10 −3 mol; n Sn = 41.3956 × 10
a Average of x Co before and after drop; b x Co after drop. The Journal of Physical Chemistry C Article both in the liquid and the semisolid Ag−Co−Cu−Sn alloys allows the estimation of the concentration of this transition only from the partial enthalpy of mixing data. These difficulties for the liquidus limit estimation were already pointed out for the investigation of the enthalpies of mixing in the binary Co−Sn system. 23 The estimated limiting liquidus concentration values in the present study, approximately 2 at. % Co at 673 K, 4 at. % Co at 873 K, and 14 at. % Co at 1073 K are slightly larger (up to 1−2 at. %) than those for the binary Co−Sn system. 25, 26 However, it is still suggested that these transitions are connected with the precipitation of CoSn 2 (at 673 K) and CoSn (at 873 and 1073 K), in analogy to the corresponding binary phase diagram. 25 In order to prove that all pieces of the solid component dropped into the liquid bath had completely dissolved, selected alloys were investigated by means of SEM-EDX and powder XRD measurements after the calorimeter had cooled. The results of phase analyses along with BSE images of two exemplary alloys can be found in Table 3 . No residual pure Co was found in the investigated samples. However, even after slow cooling in the calorimeter, the samples are not in an equilibrium state. This is obvious by the presence of six different phases in a four-component system. Nevertheless, the absence of (Co) indicates full mixing and precipitation of Co-poor phases, either during measurement (beyond the liquidus limit) or during cooling after the measurement. The Journal of Physical Chemistry C
Article
The XRD phase analysis fully confirmed the phases that had been found by SEM-EDX. Based on the SEM-EDX results Cu atoms replaced Co in the CoSn 3 compound, which was formed on cooling at 1226 ± 2 K. 26 
THEORETICAL CONSIDERATIONS
In the present work, it is estimated that the term relating to the excess enthalpy of nanosized Co is practically the same for all investigated temperatures and equals to about (7.5 ± 1.0)·10 3 J·mol −1 . This term relates to the surface enthalpy of 1 mol of nanosized Co as
where ΔH i,surf is the surface enthalpy in J m −2 and A s is the surface area for 1 mol of nanoparticles in the unit of m 2 mol −1 . Assuming a strictly spherical shape of the nanoparticles, A s can be expressed as
where V M is the molar volume; M is the molar mass; ρ is the density; and r is the radius of the particles. . 21 The obtained discrepancy between calculated and technical values is most probably caused by the variation in size (particle size range is given as 0−60 nm, with an average size of 28 nm) and shape of the employed nanoparticles; these values, in turn, combined with the experimental value of (7.5 ± 1.0)·10 3 J·mol −1
, give a surface enthalpy of about (2.85 ± 0.55) J·m −2 . On the basis of the data presented above, it was decided to describe the observed phenomenon, related to the nano Co additions, according to the thermodynamic properties of nanosized particles. The molar enthalpy of nanoparticles can be expressed as ) is the enthalpy term of the surface energy of the solid nanoparticles at the dropping temperature. Although both molar volume and surface energy are T-dependent quantities, the total value of ΔH i,nano ex (as it is at the dropping temperature) is lost due to the elimination of the surface of the nanoparticles upon their dissolution in the liquid alloy, and therefore, the measured nanoheat-effect is not The Journal of Physical Chemistry C Article
